In this issue of Genes & Development, identify the minimal molecular requirements to assemble a fully functional nucleolus in human cells and demonstrate the importance of the nucleolar transcription factor upstream binding factor (UBF) as a mitotic bookmark at the ribosomal DNA (rDNA).
In all eukaryotes, the nucleolus is an essential, nonmembrane-bound organelle within the nucleus. Assembled around the ribosomal DNA (rDNA), the nucleolus is the site of ribosome biogenesis. In addition to its role in making ribosomes, the nucleolus functions in other important cellular processes, including stress sensing, regulation of the cell cycle, and proliferation and assembly of ribonucleoprotein complexes (Boisvert et al. 2007 ). As such, it is not surprising that changes in nucleolar structure or function are associated with many human diseases, including cancer and an increasing number of ribosomopathies (Boisvert et al. 2007; McCann and Baserga 2013) . Thus, understanding the regulation of nucleolar assembly and function is of great importance both as a fundamental question of cell biology and to human health.
Eighty years ago, the Nobel prize winner McClintock (1934) first observed that the nucleolus assembles around specific chromosomal features, termed nucleolar organizer regions (NORs). NORs, which contain repeated arrays of the rDNA, are easily identified in metaphase chromatin spreads as secondary constrictions or regions where the chromatin is less condensed. In human cells, NORs are found on the short arms of the five acrocentric chromosomes (Hernandez-Verdun et al. 2010) . While a single NOR is capable of directing nucleolar assembly, several active NORs often coalesce to form a single nucleolus. Many human cells typically have one to three nucleoli per cell (Savino et al. 2001) .
Interestingly, nucleolar assembly and function in human cells is regulated in a cell cycle-dependent manner. When cells enter mitosis and the nuclear membrane breaks down (open mitosis), transcription of the ribosomal RNA (rRNA) is inhibited, and the nucleolus disassembles. Upon completion of mitosis, rRNA transcription is reinitiated within the NOR, ribosome biogenesis factors are recruited, and the nucleolus is assembled. Only NORs that are actively engaged in transcription can direct nucleolar assembly (Hernandez-Verdun 2011). Consequently, the nucleolus truly appears to be ''an organelle formed by the act of building a ribosome'' (Melese and Xue 1995) .
To begin to reveal the molecular mechanisms of nucleolar formation, McStay's laboratory (Mais et al. 2005; Grob et al. 2014 ) has applied synthetic biology. In an earlier report, they introduced 6.4 kb of DNA repeat sequences from the intergenic spacer of the Xenopus ribosomal gene into a noncanonical site in the human genome. This nontranscribed region of Xenopus rDNA efficiently binds both Xenopus and human upstream binding factor (UBF). They found that ectopic arrays (16-328 repeats) of this rDNA fragment, which does not contain the sequence for the rRNA, was sufficient to recruit the RNA polymerase I (Pol I) transcription factor UBF as well as other components of the Pol I machinery to sites outside the nucleolus. They were able to detect secondary constrictions as in endogenous NORs; they therefore termed these structures pseudo-NORs (Mais et al. 2005) . However, even though components of the Pol I machinery were recruited, pseudoNORs were transcriptionally inactive and did not form functional nucleoli.
In this issue of Genes & Development, Grob et al. (2014) use a similar approach to generate synthetic, functional nucleoli. They integrated a 20.4-kb cassette that contains Xenopus UBF-binding sites, a human rDNA promoter, and a mouse rDNA transcription unit into metacentric chromosomes of human cells (Fig. 1) . Similar to pseudo-NORs, the ectopic arrays (50-180 transcription units), or neo-NORs, formed secondary constrictions and recruited both UBF and the Pol I machinery. Unlike pseudo-NORs, the neo-NORs were transcriptionally active, properly processed the pre-rRNA, and assembled ribosomes as fully functional neonucleoli (Grob et 2014). Additionally, neo-NORs coalesced with endogenous NORs into large nucleoli. Thus, unlike pseudoNORs, neo-NORs direct nucleolar assembly in human cells. This finding supports the fundamental significance of rDNA transcription in nucleolar formation.
The necessity of a transcriptionally competent rDNA unit in directing ectopic nucleolar assembly has been observed previously. The introduction of a single, ectopic rDNA repeat into the genome of Drosophila melanogaster was sufficient to drive rRNA transcription and assembly of ''mininucleoli'' (Karpen et al. 1988) . Interestingly, even though endogenous rDNA genes are usually found tandemly repeated in heterochromatin in eukaryotes, neither is necessary for nucleolar formation in Drosophila. Similarly, the neo-NOR cassette was capable of driving nucleolar assembly in human cells regardless of the chromosomal context (Grob et al. 2014) . While tandem repetition and heterochromatin localization are not strict requirements for nucleolar biogenesis, these conserved characteristics are likely to be important for other nucleolar mechanisms.
In addition to providing strong evidence for the importance of rDNA transcription in directing nucleolar assembly, the neo-NOR cassette aided in determining the role of UBF in nucleolar formation. Secondary constrictions in chromosomes can be observed in both pseudoNORs and neo-NORs (Mais et al. 2005; Grob et al. 2014) . Since the binding sites for UBF are shared between the two rDNA cassettes that constitute these synthetic NORs, it suggests that UBF may be critical. Indeed, upon siRNA depletion of UBF, secondary constrictions were lost, indicating that UBF plays an essential role in maintaining NOR competency through mitosis (Grob et al. 2014 ).
Based on these results, the McStay laboratory (Mais et al. 2005; Grob et al. 2014 ) has developed a model for the role of UBF and rDNA transcription in nucleolar formation. In this model, UBF acts as a mitotic bookmark (Zaidi et al. 2010 ) by remaining associated with the rDNA repeats of NORs throughout mitosis. The presence of UBF and, consequently, the Pol I machinery at NORs throughout mitosis enables the rapid resumption of rDNA transcription and the efficient reformation of the nucleolus in early G1. As demonstrated with neo-NORs, UBF-binding sites coupled with rDNA transcription units are the minimal requirements for driving the assembly of functional nucleoli (Fig. 1) .
Nevertheless, a number of unsolved mysteries underlying nucleolar formation and function still remain. For example, endogenous NORs are located in heterochromatic regions. In contrast, neo-NORs form functional nucleoli in euchromatin. So, why are endogenous NORs found exclusively in heterochromatin? Their location in heterochromatin is thought to be important for other elements of nucleolar biology, including the maintenance of genome stability, but this has yet to be definitively proven.
Additionally, it is not known what determines the number of cellular nucleoli. Human diploid cells have the potential for up to 10 nucleoli, as there are NORs on each of the five different acrocentric chromosomes. However, only one to three nucleoli are observed, likely due to the coalescence of multiple NORs into one nucleolus (Savino et al. 2001) . Interestingly, unlike pseudoNORs, neo-NORs coalesce into nucleoli with endogenous NORs, suggesting that the sequences necessary for this process are present in the neo-NOR cassette. The mechanisms regulating nucleolar number or driving NOR coalescence remain largely unknown. Given the utility of the synthetic approach in identifying the minimal sequence requirements for nucleolar assembly, this approach will be a powerful tool to address these other aspects of nucleolar biology. Figure 1 . A synthetic NOR can drive formation of functional nucleoli. The integration of a neo-NOR cassette (which contains UBF-binding arrays from Xenopus, a human rDNA promoter, and a mouse rDNA transcription unit) into a metacentric chromosome is sufficient to drive formation of a functional nucleolus. Strikingly, unlike pseudo-NORs, the neo-NOR can coalesce with endogenous NORs to form large nucleoli. In this schematic, the nucleus is in blue, the nucleolus is in green, and the neo-NOR is in red.
